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Abstract Prostate cancer (PCa) is the most common type
of cancer and the second leading cause of cancer-related
death in men. Despite extensive research, the molecular
mechanisms underlying PCa initiation and progression
remain unclear, and there is increasing need of better
biomarkers that can distinguish indolent from aggressive
and life-threatening disease. With the advent of advanced
genomic technologies in the last decade, it became appar-
ent that the human genome encodes tens of thousands non-
protein-coding RNAs (ncRNAs) with yet to be discovered
function. It is clear now that the majority of ncRNAs
exhibit highly specific expression patterns restricted to
certain tissues and organs or developmental stages and that
the expression of many ncRNAs is altered in disease and
cancer, including cancer of the prostate. Such ncRNAs can
serve as important biomarkers for PCa diagnosis, progno-
sis, or prediction of therapy response. In this review, we
give an overview of the different types of ncRNAs and
their function, describe ncRNAs relevant for the diagnosis
and prognosis of PCa, and present emerging new aspects of
ncRNA research that may contribute to the future utiliza-
tion of ncRNAs as clinically useful therapeutic targets.
Key Points
Recent developments in expression-profiling
technologies, combined with large-scale efforts to
sequence patient samples, have drastically enhanced
the discovery of disease-associated non-coding
RNAs (ncRNAs).
ncRNAs are associated with disease progression in
patients with prostate cancer.
ncRNAs are promising as diagnostic, prognostic, and
predictive biomarkers in prostate cancer.
RNA-targeting drugs may provide the basis for
precision cancer therapies.
Further investigations, large validation studies, and
industrial partnerships are necessary for the
successful translation of ncRNA research into
clinical practice.
1 Introduction
1.1 The Paradigm of Prostate Cancer (PCa):
Current Needs and Demands
Prostate cancer (PCa) is the most common cancer and the
second cause of cancer-related death among western men.
PCa incidence is increasing mainly because of population
ageing, increased awareness, and the widespread introduction
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of the prostate-specific antigen (PSA) test [1]. Current PCa
diagnosis and ‘‘informed’’ clinical decisions involve digital
rectal examination (DRE), serum PSA measurement, and
multiple invasive tissue biopsies for histological grading. Yet,
patient treatment is often hampered by invasive monitoring,
risk of overtreatment after early diagnosis, or poor prediction
of treatment response in advanced disease stages.
Such limitations in the clinical management of PCa arise
from the pathological variability and molecular hetero-
geneity of prostate tumors. While some patients with
indolent tumors live for up to 20 years after diagnosis,
others die of metastatic cancer within 2–3 years. In addi-
tion, molecular polyclonality of the tumors of individual
patents can cause intrinsic or acquired treatment resistance
in late-stage disease [2–4]. As a result, patients with early-
stage PCa are heavily overtreated [5] and often experience
serious side effects, whereas optimal therapeutic sequence
in late-stage PCa is yet to be established and must be
balanced against toxicity, symptoms, and performance
status [6]. The future advancement of tailored PCa treat-
ment requires the development and introduction of a new
generation of biomarkers that allow accurate early prog-
nosis as well as appropriate monitoring and prediction of
therapy response and resistance.
The genomic revolution led to the discovery of defining
mutations and gene-expression profiles that accurately
predict the progression and clinical course of many can-
cers. Genomic and transcriptomic studies identified many
potential PCa tissue markers, including TMPRSS2-ERG,
PSCA, BRCA1/2, PTEN, KLK2, AMACR, and TGFB.
However, these markers hold little prognostic value and
cannot accurately predict the course of disease [7–10].
Over the last few years, several new tests based on gene
expression have been offered that are available from
Clinical Laboratory Improvement Amendment (CLIA)-
certified clinical laboratories (Decipher, Oncotype DX, and
Prolaris) [11]. However, despite better prognostic perfor-
mance, these tests remain dependent on invasive tissue
sampling [12–14]. Recently, the so-called SelectMDx urine
test was developed that determines urinary DLX1 and
HOXC6 messenger RNA (mRNA) levels. This non-inva-
sive test can be used to identify patients with aggressive or
clinically significant PCa, including in men with low serum
PSA values [15], and shows improved risk stratification for
high-grade PCa and biopsy decision making when com-
bined with traditional clinical risk factors [16]. This
achievement clearly demonstrated the potential of RNA-
based marker tests for the non-invasive diagnosis and
prognosis of PCa and—together with the introduction of
the PCA3 urine test based on the detection of a non-coding
RNA (ncRNA) molecule—opened the doors for extensive
exploration of the transcriptome as a new versatile field of
marker and therapy research.
1.2 Definition and Types of Non-Coding RNAs
(ncRNAs)
Amost unexpected discovery that arose from the sequencing
of the humangenomewas the finding that nomore than 3%of
human DNA appears to encode for protein. With the
advancement of genomic technologies in the 2 decades that
followed, it became apparent that over 80% of the genome is
actively transcribed to different RNA products that are not
translated to protein (known as ncRNAs) [17]
Based on size and the arbitrary cut-off of 200 nucleotides,
ncRNAs are divided into two highly diverse groups: small
ncRNAs (sncRNAs) and long ncRNAs (lncRNAs) (Table 1).
1.2.1 Small ncRNAs (sncRNAs)
sncRNAs and particularly microRNAs (miRNAs) are
extensively studied because of their function as gene regu-
lators during development and disease. miRNAs are single-
stranded RNA molecules 21–24 nucleotides in size and they
complex with the Argonaute (AGO) family of proteins to
form the so called RNA-induced silencing complex (RISC).
In their canonical pathway, RISC-complexed miRNAs reg-
ulate the function of their target mRNAs at the post-tran-
scriptional level, most often via mRNA degradation or
translational repression [18]. It has been demonstrated that a
subset of miRNAs have the ability to translocate back to the
nucleus where they activate or repress transcriptional
activity, possibly via the recruitment of chromatin-modify-
ing factors to the target region (reviewed by Schwarzenbach
et al. [19]). To date, 2588 human miRNAs originating from
1881 bona fide miRNA precursors have been described with
high confidence, and strict criteria for their annotation have
been set (miRBase v21; www.mirbase.org) [20].
Besides miRNAs, PiWi-interacting RNAs (piRNAs) and
endogenous small interfering RNAs (endo-siRNAs) are also
involved in post-transcriptional gene regulation and operate
via interactionwithAGOproteins and theRISC [21]. piRNAs
are the largest class of sncRNAs, with over 30,000 unique
sequences catalogued so far [22]. piRNAs function as post-
transcriptional regulators of transposon silencing and indis-
pensable guardians of genome stability in animal cells [23].
Other small RNAs such as small nucleolar RNAs
(snoRNA) are involved in the biochemical maturation of
ribosomal RNA and transfer RNAs (tRNAs) and in protein
synthesis. It has long been thought that snoRNAs and
tRNAs are house-keeping molecules. Nevertheless, recent
genome-wide and cross-species studies demonstrate that
snoRNAs exhibit strong tissue-specific expression patterns
[24] and function beyond their canonical pathways. It was
discovered that both snoRNAs and tRNAs give rise to even
smaller RNA species referred to as snoRNA-derived RNAs
(sdRNAs) and tRNA-derived fragments (tRFs) that operate
I. V. Bijnsdorp et al.
in regulatory pathways different than those of their pre-
cursors [25, 26]. These small molecules form a new layer
of dynamic and highly versatile small regulatory RNAs
that are involved in alternative splicing, stress response,
transcriptional regulation, and epigenetic control [27–29].
1.2.2 Genomic Abundance and Specific Expression
of Long ncRNAs (lncRNAs)
The systematic annotation of human lncRNAs was initiated
by the ENCODE [30] and GENCODE [31] projects, which
Table 1 Types of non-coding RNAs
ncRNA class Common
abbreviation
Approved gene
symbola
Function
Small ncRNA sncRNA
MicroRNA miRNA MIR Regulation of gene expression
Transfer RNA tRNA Amino acid synthesis
Spliceosomal RNA U RNU Splicing
Small nucleolar RNA snoRNA Ribosome maturation by site-specific chemical modification;
post-transcriptional modification of tRNAs and spliceosomal
RNAs
H/ACA box SNORA
CD box SNORD
Small Cajal body RNA scaRNA SCARNA
Endogenous small interfering RNA endo-siRNA RNA interference; post-transcriptional gene silencing
PiWi-interacting RNA piRNA PIRC Transposon silencing
U7 small nuclear RNA U7 RNU7 30-end maturation of histone pre-mRNA
7SK RNA 7SK RN7SK Activity regulation of positive transcription elongation factor b
(P-TEFb)
7SL RNA SRP 7SL RN7SL RNA component of the SRP RNP
Small ILF3/NF90-associated RNA SNAR Binds interleukin enhancer binding factor ILF3/NF90
Ro-associated Y RNA Y RNA RNY Component of the Ro RNP; proposed involvement in DNA
replication
Vault RNA VTRNA Component of the vault RNP; proposed involvement in
multidrug resistance
Ribonuclease P RNA component H1 RPPH1 50-end processing of tRNA precursors
RNA component of RNase MRP RMRP Maturation of precursor rRNAs; mitochondrial DNA
replication
Telomerase RNA hTR TERC RNA component of human telomerase
Ribosomal RNA
Mitochondrial rRNA mit-rRNA MT-RNR1/2 Protein synthesis
Genomic rRNA rRNA RN18S, N28S,
RN5–8S, RN5S
Long ncRNA lncRNA
Antisense transcripts AS
OS
Reside on the opposite strand of protein-coding genes and
intersect their exons
Overlapping transcripts OT Contain a coding gene within an intron on the same strand
Intronic transcripts IT Reside within introns of a coding gene but do not intersect any
exons
Host genes HG Primary hosts of small ncRNA genes nested within their
introns
Pseudogenes P Transcribed from genes that have lost their protein-coding
potential
Intergenic lncRNAs lincRNA LINC Originate from protein non-coding genomic regions
Circular RNAs circRNA Form during splicing by chemical bonding of different exons
Enhancer RNAs eRNAs Transcribed from genomic enhancer regions
sno-related lncRNAs sno-lncRNA Flanked by snoRNAs instead of 50-cap and 30-poly(A) tail
ER endoplasmic reticulum, mRNA messenger RNA, ncRNA non-coding RNA, RNP ribonucleoprotein particle, SRP signal recognition particle
a HUGO Gene Nomenclature Committee (HGNC) (http://www.genenames.org/search)
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aim to identify and annotate all functional elements in the
human genome sequence. These projects clearly demon-
strated that pervasive transcription of the human genome
gives rise to many lncRNAs (Table 2). The latest release of
the GENCODE database (version 25, GRCh38; www.
gencodegenes.org/stats) counts more than 15,000 human
lncRNA genes and over 14,000 pseudogenes, many of
which produce multiple transcripts. Nevertheless, lncRNA
gene annotations remain incomplete, and methods to define
and annotate them still exhibit limitations regarding the full
repertoire and dynamic range of transcript expression in the
cell [32]. While the total number and function of many
ncRNAs, particularly lncRNAs, is yet to be established,
accumulating evidence demonstrates that ncRNAs interact
with, regulate, or fine tune major pathways of cell growth,
proliferation, differentiation, and survival. Subsequently,
alterations in the functions of different ncRNAs are asso-
ciated with developmental disorders, diseases, and cancer.
2 ncRNAs as Biomarkers for the Minimally
Invasive Management of PCa
Several of the intrinsic properties of ncRNAs suggest that
the non-coding transcriptome can be a useful source of
disease and stage-specific biomarkers. For example, there
are many more ncRNAs than mRNAs, hence the chance of
finding a specific marker is higher. Furthermore, ncRNAs
are the final gene product, and thus biologically relevant
levels are measured. The highly specific tissue and/or
disease expression of ncRNA can provide the high dis-
criminative power required for a successful biomarker.
ncRNAs, and RNAs in general, have uniform biochemical
properties that make it easier to manufacture clinical
assays. Finally, ncRNAs can be detected in body fluids,
enabling the development of minimally invasive ‘‘liquid
biopsy’’ assays.
Over the last decade, many efforts for ncRNA biomarker
discovery have been initiated. These resulted in the
identification of numerous disease-associated miRNAs,
lncRNAs, and other non-coding transcripts. Platforms for
the accurate quantification of ncRNA levels in tissue and
body fluid specimens have evolved accordingly. In this
section, we provide an overview of PCa-associated
ncRNAs and ncRNA marker tests for PCa.
2.1 State of the Art: PCA3, A Clinically Approved
ncRNA Marker Test
The very first PCa-associated ncRNA to be discovered was
PCA3 (a.k.a. DD3, PCAT3), an lncRNA identified in 1999
via differential display analysis [33]. PCA3 is specifically
expressed in prostate epithelial cells, and—compared with
benign tissue—PCA3 is highly overexpressed in PCa and
high-grade prostatic intra-epithelial neoplasia [33–35].
PCA3 is an antisense intronic lncRNA located in the
tumor-suppressive protein-coding gene PRUNE2. Recently
it was proposed that PCA3 controls PRUNE2 mRNA levels
via the formation of a PRUNE2/PCA3 double-stranded
RNA that undergoes adenosine deaminase, RNA specific
(ADAR)-mediated adenosine-to-inosine RNA editing [36].
However, these findings conflict with the previously
reported lack of correlation between PCA3 and PRUNE2
RNA expression in PCa tissue specimens [37], and the role
of PCA3 in RNA editing remains uncertain. Knockdown
studies of PCA3 demonstrated that cell viability of PCa
cells was reduced and that the expression of androgen
receptor (AR) target genes were altered [38]. PCA3 can
also be found in the urine of men with PCa after DRE, and
this finding has led to the development of the Progensa
PCA3 test for PCa detection. Progensa PCA3 is a single-
tube and isothermic amplification assay to quantify PCA3
levels in urine specimens [39, 40]. The Progensa PCA3
(Hologic Inc.) test has been approved by the US FDA for
clinical use to predict biopsy outcome in men aged
C50 years with a suspicion of PCa based on serum PSA
levels and/or DRE and/or one or more previous negative
biopsies. Compared with serum PSA, the urinary PCA3
Table 2 Long non-coding RNA characteristics
GENCODE established lncRNA characteristics [31]
lncRNAs are independent transcriptional units that lack protein-coding potential. They are not unrecognized extensions of neighboring
protein-coding genes
lncRNA genes can have an unusual exonic structure, but their processing, splicing signals, exon/intron length, and poly-adenylation are
similar to those of protein-coding genes
lncRNA genes, when expressed, have the typical histone modifications associated with active transcription but show more tissue-specific and
generally lower expression than protein-coding genes
Human lncRNAs are under weaker selective constraints than protein-coding genes, and many are primate specific
Some human lncRNA genes belong to evolutionary conserved families that evolve faster than protein-coding genes. In this process, sequence
similarity seems to be preserved mainly in regions involved in secondary structure formation
lncRNA long non-coding RNA
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score (i.e., PCA3 RNA to KLK3 [=PSA] mRNA ratio) has
improved sensitivity in the detection of PCa. Urinary PCA3
tests more accurately predict repeat biopsy outcomes and
thus may lead to a reduction in the number of unnecessary
prostate biopsies [9, 41–45]. In patients with clinically
localized PCa, the urinary PCA3 score also shows corre-
lation with tumor volume and may differentiate between
low-volume/low-grade cancer and significant cancer
[46–49]. Hence, it may be an independent risk factor for
PCa. However, results on the prognostic value of PCA3
testing have been conflicting, as several independent
studies failed to detect significant associations between
PCA3 score and any prognostic parameter (including stage,
Gleason score, tumor volume, or extra-prostatic extension;
reviewed by Hessels and Schalken [50]). Therefore, PCA3
may not differentiate the aggressiveness of a tumor, hence
biomarkers indicative of tumor aggressiveness are still an
unmet need in PCa.
2.2 Candidate ncRNA Biomarkers
2.2.1 lncRNAs
Two major large-scale profiling studies to identify PCa-as-
sociated lncRNAs have yielded dozens of disease-associated
transcripts [51, 52]. For example, PCa-associated transcript
1 (non-protein coding) (PCAT1) is a prostate-specific
lncRNA that is upregulated in high-grade PCa (Gleason
score C7), metastatic disease, and castration-resistant PCa
(CRPC) [51, 53]. With respect to prognostic value, PCAT1
has a favorable expression pattern compared with PCA3, as
the latter is over-expressed in almost all primary tumors and
to a lesser extent in CRPC and metastatic lesions. Recently it
has been described that PCAT1 regulates the DNA repair
gene BRCA2 and thereby controls homologous recombina-
tion in vitro and sensitivity to poly ADP ribose polymerase
(PARP)-1 inhibitors in vivo [53, 54]. Hence, PCAT1 also
represents a promising biomarker to predict response to
PARP1 inhibition, a cancer treatment now tested in clinical
trials. Nevertheless, molecular tests and clinical trials using
PCAT1 as a biomarker are yet to be reported. SCHLAP1
(second chromosome locus associated with prostate-1, a.k.a.
PCAT11) is overexpressed in 25% of PCa. SCHLAP1 is
associated with risk of biochemical recurrence, clinical
progression, and PCa-specific death [53, 55, 56]. Therefore,
SCHLAP1 is a promising biomarker for aggressive and
advanced PCa, and SCHLAP1 assays are in development
[53]. PCAT14 was shown to be a strong prognostic marker
and—like SCHLAP1—has the ability to predict biochemical
recurrence, clinical progression to systemic disease, and
PCa–specific mortality. Furthermore, in a multivariate
analysis, PCAT14 expression also predicted resistance to
androgen-deprivation therapy (ADT) (p = 0.012) [57, 58].
The recent study by Bottcher et al. [52] identified another set
of over 300 known (including SCHLAP1) and novel PCa-
associated transcripts (EPCATs). When combined into an
lncRNA panel, 11 EPCATs classified 80% of PCa samples
correctly, while maintaining 100% specificity. This high
specificity was confirmed for EPCAT176 (SCHLAP1) and
EPCAT966 by in situ hybridization on extensive tissue
microarrays, clearly demonstrating that EPCATs are candi-
date diagnostic biomarkers of PCa [52].
MALAT1 (metastasis-associated lung adenocarcinoma
transcript 1, a.k.a. NEAT2) is an lncRNA associated with
many types of cancer, including PCa. In PCa, MALAT1
over-expression is associated with indicators of poor
prognosis [59]. The use of a recently developed urinary
MALAT1 score model would prevent about one-third of
unnecessary biopsies without missing any high-grade
cancers [60]. PCGEM1 (prostate-specific transcript 1 [non-
protein coding], a.k.a. PCAT9) is over-expressed in about
60% of PCa cases [61]. No efforts to develop PCGEM1-
based biomarkers have been reported. Interestingly,
PCGEM1 levels were found to be higher in PCa cells from
African-American men than in those from Caucasian-
American men; the mortality rate of PCa is highest in the
former [62]. Hence, PCGEM1 may contribute to an
aggressive tumor phenotype.
Several other promising PCa-associated lncRNAs have
been identified, including CDKN2B-AS1 (a.k.a. ANRIL),
PCAT6, PCAT7, PCAT18, PCGEM1, PTENP1, and
SPRY4-IT1 [63]. These RNAs show elevated expression
levels in (a subset of advanced) prostate tumors, but further
preclinical and clinical evaluation of these lncRNAs is
necessary to determine their clinical utility (Table 3).
2.2.2 MicroRNAs (miRNAs) and isoMiRs
It is well established that the pattern of miRNA expres-
sion is highly tissue-type specific [64, 65]. Several miR-
NAs have been described for their relation and biomarker
potential in PCa, at the level of diagnosis, prognosis, and
therapy-response monitoring [66–69] (reviewed by Fabris
et al. [70]). A main challenge in this process is the
heterogeneous growth of cancer lesions throughout the
prostate. In addition, differences in study designs between
research groups, such as different profiling platforms and
(often limited) sample sizes, can cause inconsistencies in
the reported miRNAs. Nevertheless, a consensus list has
emerged of miRNAs commonly deregulated in PCa. For
example, deregulation of target genes of the Let-7 family
influences cellular equilibrium in the prostate gland and
promotes cancer development in PCa and several other
cancers [71]; miR-25 regulates integrin expression,
thereby preventing inhibition of cell growth and inducing
metastasis [65, 66, 69, 72]; and miR-21 has a role in early
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PCa development and has been found upregulated in both
tissue and blood samples as a circulating miRNA [73].
Many other miRNAs have been implicated in different
aspects of PCa initiation, development, and progression
(Fig. 1).
The development of next-generation sequencing (NGS)
technologies for (small) ncRNAs has enabled the identifi-
cation of novel miRNAs. Typically, a miRNA is annotated
as one defined sequence. However, multiple length and/or
sequence variants have been identified for many miRNAs
via NGS [74]. Such variants are called isomiRs and are
frequently found in most (if not all) tissue types. IsomiRs
have biological function, for example, they can suppress
mRNAs, though the modifications can also lead to binding
of different mRNA targets or opposite strand selections
because of changes in thermodynamic stability. The
Table 3 Overview of prostate cancer-associated non-coding RNAs with (potential) clinical application
ncRNA (HGNC
symbol)
Alias(es) Function (Potential) application Available
test
(company)
References
lncRNAs
EPCAT176, 190, 234,
273, 522, 524, 602,
633, 709, 850, 966
– Enhance cell viability and
function unknown
Diagnosis (EPCAT panel, n = 11);
prognostic potential novel
EPCATs unknown
[52]
MALAT1 NEAT2,
LINC00047
Unclear; interacts with
EZH2
Diagnosis: prediction biopsy
outcome. Prognosis: prediction
biopsy GS, LN metastasis.
[59, 60]
PCA3 DD3, PCAT3 Enhances cell viability;
interacts with ADAR and
downregulates PRUNE2
Diagnosis: prediction (repeat)
biopsy outcome
Progensa
PCA3
(Hologic)
[9, 33–49]
PCAT1 PCA1 Promotes cell proliferation
through MYC (inhibits
BRCA2)
Prognosis: prediction – advanced
disease. Theranostics: selection of
patients for e.g. PARP inhibitors
[51, 53, 54]
PCAT14 – Unknown Diagnosis (combined with other
markers); theranostic: prediction
of ADT response
[57, 58]
PCGEM1 PCAT9,
LINC00071
Inhibits apoptosis,
promotes cell
proliferation; interacts
with activated AR
Role in CRPC? [61, 62]
SCHLAP1 PCAT11,
PCAT114,
LINC00913
Promotes invasion and
metastasis; interacts with
SWI/SNF complex
Prognosis: prediction of BCR,
metastasis and death from PCa
(after primary radical treatment)
CLIA-
certified
test
available
[53, 55]
Circulating miRNAs
MIRLET7
MIR19A
MIR19B
MIR21
MIR200B
MIR375
isomiRs of MIR21,
MIR375 and MIR204
let-7
hsa-mir-19a
hsa-mir-19b
hsa-mir-21
hsa-mir-200b
hsa-mir-375
Diagnosis; prediction of presence of
cancer in blood and urine samples
[71, 73, 80, 161–164]
MIR141
MIR145
MIR200B
MIR375
hsa-mir-141
hsa-mir-145
hsa-mir-200b
hsa-mir-375
Prognosis; prediction of Gleason
and/or metastasis in blood
samples
[73, 161, 163, 165]
ADT androgen-deprivation therapy, AR androgen receptor, BCR biochemical recurrence, CLIA Clinical Laboratory Improvement Amendment,
CRPC castration-resistant prostate cancer, GS Gleason score, HGNC HUGO Gene Nomenclature Committee, LN lymph node, lncRNA long non-
coding RNA, miRNA microRNA, ncRNA non-coding RNA, PARP poly ADP ribose polymerase, PCa prostate cancer, SWI/SNF switch/sucrose
non-fermentable
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heterogeneity of a miRNA sequence length can arise from
imprecise processing by endoribonucleases Dicer or
Drosha [75]; by enzymatic post-transcriptional modifica-
tions, for example, by exoribonucleases (Nibbler and
QUP); or by terminal uridylyl transferases (TUTs) and
poly(A) polymerases (PAPs) [76]. Variations in miRNA
sequences can be introduced via post-transcriptional edit-
ing by enzymes such as the ADAR proteins [77]. In breast
cancer, isomiRs were found to be differentially expressed
between healthy and cancer tissues, and were able to dis-
criminate between different breast cancer subtypes
[78, 79]. IsomiRs are not randomly distributed within tis-
sues but are expressed in patterns that are more complex
than initially thought [78]. IsomiRs can also be detected in
both blood and urine [80]. In urinary extracellular vesicles
(EVs) from patients with PCa, many isomiRs are differ-
entially expressed between cancer samples and age-mat-
ched controls. Importantly, in accordance with findings in
breast cancer, prostate tumors that exhibit deregulated
expression of an miRNA simultaneously exhibit deregu-
lated expression of isomiRs, which are derived from the
same miRNA precursor. This has been demonstrated in
PCa EVs isolated from urine, where isomiRs of miR-21,
miR-375, and miR-204 are highly differentially expressed
[80]. The actual biomarker potential of miRNAs and their
isomiRs needs validation in larger clinical trials.
2.2.3 Other small RNAs as Potential Biomarkers
of Disease
Besides the identification of isomiRs, ncRNA NGS tech-
nologies revealed the existence of many additional RNA
fragments that are derived from sncRNAs. Although initially
discarded as being RNA turnover artefacts, accumulating
evidence suggests that smaller RNAs derived from snoRNA
and tRNA are not just random degradation products but
instead stable entities that may have functional activity in
the normal cell and are deregulated in cancer [28]. In PCa,
the small RNA transcriptome is dominated by sncRNAs
other than miRNAs [69, 81]. Many of these sncRNAs can be
classified as sdRNAs and tRFs. NGS data analysis on radical
prostatectomy specimens demonstrates that sdRNAs and
tRFs are upregulated in malignant tissue compared with
normal adjacent prostate or benign prostate hyperplasia
Fig. 1 Many dysregulated
microRNAs (miRNAs) affect
the hallmarks of prostate cancer
[70, 140, 158–160]
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[69, 81, 82]. Interestingly, the expression of specific snoR-
NAs and sdRNAs (e.g., SNORD78 and the sdRNA derived
from it, sd78) is already increased at the time of radical
prostatectomy in subsets of patients with PCa who develop
aggressive metastatic cancer years after surgery. This sug-
gests that such sncRNAs have unique potential as a prog-
nostic marker for aggressive metastatic PCa [81]. Besides
snoRNA and sdRNA, tRFs can also be associated with high-
grade, recurrent disease. For example, the expression levels
of tRFs with opposing expression patterns derived from
tRNAPheGAA and tRNALysCTT have been used to cal-
culate an expression ratio that correctly discriminates high-
from low-grade PCa and significantly associates with a
shorter period to disease relapse in different cohorts [82].
The prognostic marker potential of sdRNAs or tRFs has
been reported in not only PCa but also breast cancer
[83–85], colorectal cancer [86], and lung cancer [87–89].
2.2.4 Pros and Cons of lncRNAs and sncRNAs in Their
Utilization as Clinical Biomarkers
The detection of ncRNAs has the potential to improve the
diagnosis and prognosis of PCa. Disease- and cell-type-
specific expression, and the availability of relatively easy,
sensitive, and quantitative detection methods for RNA make
them extremely suitable cancer biomarkers. lncRNAs gen-
erally exhibit a major disease- and cell-type specificity,
although a detailed expression analysis for each disease-
associated lncRNA is necessary to rule out expression in
non-cancerous conditions or other pathologies. The impor-
tance of the latter is demonstrated by the cancer-associated
MALAT1 lncRNA, which also appears to be deregulated in
benign conditions, such as cardiovascular diseases [90]. The
disadvantage of lncRNAs is that they generally exhibit low
to moderate levels of expression, which can have a negative
impact on sensitive detection in clinical samples. Despite
this potential pitfall, it has been proven that the PCA3
lncRNA, which is moderately expressed, can be detected
robustly and sensitively even in\1 ml of post-DRE urine
samples [39]. Many sncRNAs are expressed at higher levels
than lncRNAs. Because of their size, sncRNAs are generally
well protected from the action of native and contaminating
nucleases, which ensures great stability even under different
storage conditions. Nevertheless, often the specific function
of different sncRNAs can affect tissue and cell-type speci-
ficity. In addition, the design of specific primers and
oligonucleotide probes for amplification and detection of
sncRNAs can be challenging for a number of reasons: their
short length, which offers little room for design variation;
their homology with other closely related sncRNA family
members; and the expression of different isoforms (often
differing by only one nucleotide residue). Nevertheless, new
techniques under development (discussed in the following
sections) address this challenge and promise increased sen-
sitivity and specificity of detection. Whether the many nat-
ural post-transcriptional modifications made to sncRNAs
significantly affect detection methods for RNA quantifica-
tion is another field yet to be investigated.
2.3 Perspectives in ncRNA Detection
and Monitoring
2.3.1 Liquid Biopsy
Definitive diagnosis of PCa currently depends on the his-
tological verification of adenocarcinoma in prostate biopsy
cores or on unexpected discovery in transurethral resection
(TUR) specimens [1]. The collection of tissue biopsies
from the prostate is a highly invasive procedure that
requires multiple sampling and carries the risk of tumor
cells not being reached, leading to unnecessary follow-up
biopsies and increasing the risk of infection. Therefore,
most recently developed and currently emerging diagnostic
tools for PCa aim at minimally invasive approaches using
the so-called liquid biopsies. Both cell-free RNA (cfRNA)
and the RNA content of circulating tumor cells (CTCs) in
peripheral blood are being studied extensively for their
usefulness as early prognostic biomarkers of aggressive
disease or as biomarkers of therapeutic response in late-
stage metastatic cancer [91–93], as recently reviewed by
Hegemann et al. [94] and Miyamoto and Lee [95].
Blood collection is considered a minimally invasive pro-
cedure that provides samples enriched in a variety of disease-
associated markers, including proteins (i.e., PSA), DNA
fragments, and RNA. Differentially expressed ncRNAs in
serum and plasma have been studied mostly for the class of
miRNAs [70]. In blood, miRNAs remain highly stable be-
cause AGO2 complexes or EVs protect them from the action
of nucleases [96]. Various circulating miRNAs have been
associated with PCa, including miR-21, miR-141, and miR-
221 [97]. Levels of miR-375 and miR-141 have also been
found to be substantially increased during progression to
CRPC [98].Nonetheless, blood is a very complex biofluid that
contains ncRNAs secreted by virtually all tissues in the body,
which can introduce high background and complicate down-
stream analysis. However, blood remains the biofluid of
choice for follow-up after primary treatment and for moni-
toring therapeutic response in advanced disease.
EVs—a large family of diverse vesicles consisting of
exosomes, oncosomes, microvesicles, apoptotic bodies,
and many other variants of these—are an additional
promising source of cancer-related RNA biomarkers
[99–101]. When derived from the prostate, such vesicles
are sometimes referred to as prostasomes. EVs are released
in the extracellular environment by a large number of cell
types and can be found in practically any biological fluid.
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Since the molecular content of EVs resembles the normal
or malignant cells from which they originate, they can be
used as a rich source of protein and RNA biomarkers. For
example, EVs isolated from the peripheral blood of patients
with advanced-stage PCa contain the disease and therapy
resistance-associated androgen receptor variant 7 (ARV7)
transcript and can be used as a marker of therapy resistance
[102]. It has also been recently suggested that the elevated
levels of PCa EVs could themselves have diagnostic value
[103–105].
Urine is a less complex biofluid than blood in that it can
be collected non-invasively (Fig. 2). Urine contains exfoli-
ated prostate cells, EVs, and factors secreted by prostate
cells, including ncRNAs, which can be used for diagnostic
and prognostic testing. Preferably, urine should be collected
from the first void after DRE as this enriches the level of
prostatic components [103]. However, because of its inva-
sive nature, DRE is not always accepted by patients and
clinicians, and the necessity of DRE for urinary biomarker
detection is still under debate [106]. Given the invasive
nature of DRE, urine collection for PCa diagnostic testing is
considered to be a minimally invasive procedure when
performed after DRE. EVs detected in urine are highly
enriched for small RNAs, including miRNAs and tRNA
fragments [80]. Multiple studies have investigated the use of
urine as a source of biomarkers for PCa. Urine sediment is
used for the detection of PCA3, whereas the supernatant
after low-speed centrifugation is more attractive for mea-
suring ncRNA biomarkers present in EVs. As handling and
storage influence the EV populations (e.g., exosomes,
apoptotic bodies, ectosomes, and microvesicles), and hence
the total extravesicular ncRNA profile, it is important to use
rapid standardized collection and storage procedures that
preserve EV and RNA integrity and prevent bacterial con-
tamination. In addition, the Tamm-Horsfall protein (THP)
can interfere with the isolation of urinary EVs at low tem-
peratures [107]. Dithiothreitol (DTT) will release captured
EVs from formed THP complexes, but it should be used
with caution as it will also release protein–RNA complexes
that contain other (ratios of) ncRNAs [108].
Small RNAs can be isolated and analyzed from urine or
urine EVs without discriminating between their source.
However, a selective capture of prostate- or even PCa-
derived EVs from urine or blood could provide the most
optimal sensitive and specific detection. This would allow a
more specific isolation of ncRNAs of interest without a
bulk of background ncRNAs from other cells from the
urinary tract or—for blood—the entire body. Extensive
efforts in the development and optimization of assays for
the isolation, quantification, and characterization of cancer-
or organ-specific EVs from body fluids are ongoing
[109–123]. EV RNA isolation protocols and novel
approaches to the detection of RNA from EV samples are
also continuously improving [124–128].
Seminal fluid and post-ejaculate urethral washings
(PEUW) have been suggested as yet another rich source of
PCa biomarkers [129, 130]. These body fluids are enriched
in prostate components by nature. Nevertheless, limitations
associated with the collection of these fluids makes clinical
implementation more challenging.
2.3.2 Technological Developments in RNA Detection
With the identification of new ncRNAs for the diagnosis
of PCa, detection methods with improved sensitivity and
specificity are essential. NGS is considered one of the
Fig. 2 Different strategies for sample collection in the diagnosis and
monitoring of prostate cancer. Definitive prostate cancer diagnosis is
made after the histopathological evaluation of multiple core biopsies.
The detection of molecular markers in blood is considered a
minimally invasive approach and can be used to monitor disease
progression and treatment response, e.g., by measuring prostate-
specific antigen (PSA) protein levels. Urine collection is a non-
invasive approach and can be used for the prediction of biopsy
outcome with a suspicion of prostate cancer, e.g., via PCA3 test.
cfDNA cell-fee DNA, cfRNA cell-free RNA, CTCs circulating tumor
cells, EVs extracellular vesicles, RNPs ribonucleoprotein complexes
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most specific and sensitive detection platforms for dis-
covery and profiling of ncRNAs because the entire
sequence and abundance of different isoforms are
detected in a quantitative manner. Nevertheless, standard
clinical diagnostic testing requires other detection
methods that are more affordable and robust when only
limited amounts of starting material are available. Rev-
erse transcriptase quantitative polymerase chain reaction
(RT-qPCR) is the most common method for the quan-
tification of lncRNAs. In the case of miRNAs, unam-
biguous detection by conventional qPCR can be
challenging because of their small size, the high
sequence homology between miRNA family members,
and the simultaneous presence of multiple isoforms.
Poly(A) addition and locked nucleic acid (LNA) modi-
fied primer extensions are commonly used for the
quantification of miRNAs and other sncRNAs. Stem-
loop PCR can also be used for the detection of sncRNA
and is particularly useful for the discrimination of
specific small RNA isoforms [131]. The absolute quan-
tification of low abundant miRNAs by qPCR remains
challenging. Digital PCR has been developed for the
detection of nucleic acids present at very low levels
[132], and droplet digital PCR (ddPCR) has been suc-
cessfully used with TaqMan and LNA-based miRNA
assays to measure miRNA expression in plasma [133].
Several alternative techniques that do not rely on
amplification have been proposed, but the majority are
still in developmental stages pending extensive valida-
tion [134–137]. NanoString’s nCounter analysis system
is a promising, this is a recently developed technology
for the detection of mRNAs, lncRNAs, and miRNAs
[138]. This technology uses digital color labeling and
barcoding to simultaneously measure the expression of
multiple genes. NanoString promises very high precision
and sensitivity with possible utilization in clinical
applications [139].
3 Future Potential of ncRNAs as Therapeutic
Targets in PCa and Emerging Technologies
in ncRNA Research
ncRNA appeared rapidly as a novel class of molecules that
control and tune major cellular processes. The deregulation
of multiple types of ncRNAs in cancer and other diseases,
with miRNAs as a prominent example, demonstrates their
potential as viable markers of disease and provides new
opportunities for the exploration of novel targeted therapies
and the development of new therapeutic tools. Over the last
20 years, the biology of miRNAs has been extensively
studied and the insights gained have led to the development
of multiple therapeutic strategies targeting miRNAs in
cancer, some of which are currently in clinical trials (re-
cently reviewed by Shah et al. [140]). In contrast, a lot
more is yet to be learned about the function, structural
organization, and mechanistic action of lncRNAs and many
small RNAs. Nevertheless, technologies that target ncRNA
and RNA in general are well on their way and have also
entered clinical trials. Several different therapeutic
approaches to targeting lncRNAs are under investigation. It
has been demonstrated that siRNAs, commonly used for
the knockdown of protein-coding transcripts can also suc-
cessfully reduce lncRNA expression [141, 142] and sen-
sitize cells to appoptosis [143, 144]. Two major limitations
associated with the use of siRNAs lie in (1) their double-
stranded nature, which requires additional (lipophilic)
agents for efficient delivery and (2) their dependence on
RISC, which limits the number of possible ncRNA targets
to those with cytoplasmic localization [145]. An alternative
strategy for the targeting of ncRNA uses single-stranded
synthetic antisense oligonucleotides (AONs or ASOs).
AONs are generally designed with a chemically modified
sugar-phosphate backbone, which makes them highly
stable in tissue and resistant to the action of the majority of
cellular nucleases [146]. The addition of LNAs in their
sequence provides increased specificity toward the targeted
ncRNA. AONs can be effective tools that correct errors in
nuclear transcript processing such as exon skipping or
inclusion. Gapmers are yet another type of synthetic AON
that can correct for RNA gain-of-function effects or reduce
the levels of oncogenic transcripts. Gapmers are chemically
similar to standard AONs, but their sequence contains a
stretch (gap) of unmodified DNA nucleotides in the middle.
After binding, the DNA ‘‘gap’’ in the middle of the oligo
forms a DNA/RNA heteroduplex with the targeted RNA,
which recruits RNase H and causes the degradation of the
targeted transcript. Gapmers that selectively target and
destroy mRNAs by the induction of RNase H are currently
being evaluated in phase III trials for STAT3 in different
cancers and in a phase II trial for wild-type AR and AR
variants in treatment-resistant metastatic CRPC [147, 148].
Cellular responses inflicted by the overexpression or
knock-down/knock-out of specific ncRNAs do provide
insight into their functional role. Ideally, these types of
experiments would be reinforced by direct observation of
the targeted RNA in its native, tissue, and cellular context.
In cell biology, (fluorescent) imaging has been very fruitful
in unraveling the function and action mechanism of pro-
teins. Likewise, visualization technologies that could be
used in functional analysis of ncRNAs are being devel-
oped. The detection of small RNAs in tissues is usually
problematic because of their short size. Technologies that
utilize probe oligonucleotides with LNA (LNA oligos) can
overcome this by introducing increased stability of the
RNA–LNA complex [149–152]. lncRNAs and mRNAs can
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be visualized in situ via a similar technique (RNAscope),
which relies on the design of multiple probes and the major
amplification of ISH signal for the detection and (quanti-
tative) subcellular localization in cells and tissues
[52, 153]. Both techniques can be applied on fresh-frozen
or formalin-fixed, paraffin-embedded material but are lar-
gely dependent on the quality of fixation and sensitive to
RNA degradation in archive samples. Visualization of
RNA molecules in living cells would provide additional
information on their spatio-temporal organization and
mechanism of action. A pioneering and rapidly developing
approach in this field resembles green fluorescent protein
(GFP)-based imaging technology, where the protein of
interest is tagged with GFP [154]. The RNA-labeling
technique (termed Spinach or its improved version Broc-
coli) relies on an aptamer RNA structure, fused to the
(nc)RNA of interest. When properly folded, the aptamer
binds a green fluorophore, resulting in a fluorescently
labelled RNA molecule, which can be monitored in living
cells [154, 155]. This technique has been successfully used
to demonstrate the translocation of 5S ribosomal RNA
(rRNA) upon the induction of stress in eukaryotic cells;
following additional development and optimization, the
potential for use with ncRNAs is strong.
4 Conclusions and Perspectives
There is an urgent need for more accurate non-invasive
tests for PCa diagnosis and to allow the stratification of
patients with life-threatening disease. Because of the ease
of collection, and the fact that prostate cells are directly
released into the urethra through prostatic ducts, urine has
become the first choice for diagnostic and prognostic non-
invasive biomarker testing. Blood-based tests will be
needed to monitor therapy response. Several biomarkers
are promising because of their specificity for the disease
in tissue; however, so far, only the PCA3 lncRNA is used
as a urinary biomarker for PCa diagnosis in clinical
practice.
This review highlights the tissue- and lineage-specific
expression of several sncRNAs and lncRNAs, and discusses
the potential of these ncRNAs for PCa diagnosis, prognosis,
or disease monitoring. Now, validation of ncRNA
biomarkers in large-scale multicenter studies using stan-
dardized quantification methods are needed to confirm their
accuracy in detecting the stage of disease. In addition towell-
designed validation trials, collaboration with industrial
partners will be essential for successful development and
positioning of any new test in the market [156].
Before an ncRNA-biomarker test can be used in clinic,
several issues need to be considered. Some of the most
important factors are the standardization of biofluid col-
lection and storage, as well as consensus on adequate and
standardized subsequent EV and ncRNA extraction pro-
cedures. Furthermore, normalization of ncRNA expression,
especially in biofluids, remains a challenge. One way to
overcome this problem is to use RNA expression ratios
[11].
Validation of the large number of molecular markers
that have been discovered and comparing their perfor-
mance against the paltry number that have made it to
clinical application is one part of the solution. Combining
multiple biomarkers and ‘classical’ clinicopathological
parameters is another. Markers need to be integrated into
prediction models, preferably using marker expression
levels as a continuous variable. Finally, the clinical con-
sequences of using such models in clinical practice need to
be evaluated [157], as exemplified by the SelectMDx test
that can predict biopsy outcome [16].
Several questions remain to be addressed when investi-
gating ncRNAs as targets for therapy. The overwhelming
amount of newly discovered ncRNAs warrants the estab-
lishment of criteria to help narrow down the best target RNAs
from a repertoire of tens of thousands. A better understand-
ing of the domain organization and tertiary structure of
lncRNAs is necessary to gain insight into the mechanistic
basis of their function and overcome current obstacles and
controversies in ncRNA research. The low conservation of
large numbers of lncRNAs demands the development of new
model systems that can assist the translation of ncRNA dis-
coveries into therapies and diagnostic tools. Finally, further
investigations, large validation studies, and industrial part-
nerships are necessary for the successful translation of
ncRNA research into clinical practice.
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